Association/linkage between dopamine D4 receptor (DRD4) polymorphisms and attentiondeficit/hyperactivity disorder (ADHD) has been suggested by case-control-and nuclear-familybased studies. Here, we present a candidate gene analysis for DRD4 using 14 extended and multigenerational families segregating ADHD derived from the 'Paisa' community of Antioquia, Colombia, a genetic isolate. Two DRD4 polymorphisms (a 120 bp tandem duplication at the promoter and a 48 bp-VNTR at exon 3), reported associated to ADHD, were genotyped. Parametric and non-parametric linkage analyses, and a family-based association test (FBAT), the pedigree disequilibrium test (PDT), were applied to search for evidence of association/ linkage. Two-point LOD scores were significantly negative, with values ranging from À3.21 (P ¼ 0.011158) to À7.66 (P ¼ 0.000091 at h ¼ 0). Non-parametrical analysis resulted in nonsignificant evidence for linkage. The PDT showed a moderate trend toward significance of association/linkage between the 7-repeat (7R) allele at the 48 bp VNTR and ADHD (P ¼ 0.0578). Furthermore, the haplotype analysis shows a significant association/linkage of the 7R-240 bp haplotype (P ¼ 0.0467) with ADHD. Results suggest that either a moderate DRD4 genetic effect, or linkage disequilibrium of DRD4 with an ADHD disease locus in the vicinity or the linkage to a phenotypic component of the ADHD spectrum could be underlying this association/linkage. These results provide further evidence for the association of ADHD to genetic variation in or near to DRD4 and replicate the previously reported association between ADHD and the 7R allele.
Introduction
In recent years, twin-, adoption-, family-, and casecontrol-based association/linkage studies have shown that genetic factors contribute to the etiology of attention-deficit/hyperactivity disorder (ADHD). [1] [2] [3] [4] [5] [6] Three independent complex segregation analyses [4] [5] [6] and observation of heritability values higher than 80% 1-3 strongly suggest that an important variance component of ADHD susceptibility may be explained by Mendelian laws.
Although only one genome-wide screen has been published for ADHD, 7 a large number of genetic association studies have been conducted with putative candidate genes. Based on theoretical considerations, animal models, and the remarkable effectiveness of stimulant treatment, most of these candidate genes have been from catecholaminergic pathways. 8, 9 Tested genes have included DRD4, COMT, HTR2A, DAT1, dopamine beta-hydroxylase, dopa decarboxylase, CHRNA7, and interleukin 1, among others. [8] [9] [10] [11] [12] [13] [14] [15] [16] DRD4 is of interest as a candidate gene as it codes for a 7-transmembrane G-proteincoupled dopamine receptor, which is a member of the D2-like dopamine receptor family. DRD4 is expressed in regions implicated in ADHD [17] [18] [19] including the limbic system, frontal cortex, and globus pallidus. [20] [21] [22] In addition, the DRD4 gene, located near the telomere of chromosome 11p, is one of the most variable genes known. 23, 24 The DRD4 polymorphism most frequently studied is the result of a 48 bp-VNTR at exon 3, encoding the third intracellular loop with variant alleles containing two repeats (2R) to 11 repeats (11R). 24, 25 Several linkage disequilibrium studies (case-control based) and family-based association tests (FBATs) have replicated association/linkage between ADHD and the 7R allele. [26] [27] [28] [29] [30] [31] [32] Even though some studies have failed to find evidence for this association/linkage, [33] [34] [35] [36] [37] two meta-analyses presented evidence that the association of the 7R allele at DRD4 is probably true. 8, 38 Furthermore, another polymorphism located upstream of the 5 0 transcription initiation site involving a 120 bp tandem duplication, specifically the allele of 240 bp, has been described in linkage mainly with the inattentive subtype of ADHD. 39 Since the TDT detects the simultaneous presence of linkage and linkage disequilibrium (it cannot detect either in the absence of the other), the involvement of DRD4 by itself or the presence of another locus or loci in the neighborhood has been strongly suggested. 8, 40 Under the premise that a major gene is underlying the susceptibility to ADHD, we explored this association/linkage between DRD4 polymorphisms and ADHD using 14 extended, multigenerational families from the 'Paisa' community of Antioquia, a genetic isolate located in Colombia, segregating the ADHD phenotype under a dominant model and exhibiting significant power to detect both linkage 41 and association/linkage with FBATs.
Materials and methods

Sample, ascertainment and clinical diagnosis
The blood samples were ascertained from Paisa families in Medellín, Antioquia, Colombia, South America. A more detailed description of the Paisas has been published elsewhere. [41] [42] [43] [44] [45] Racial admixture estimations, 43 evolutionary reconstruction using phylogenetic methods, 44, 46 genotyping of specific chromosomal Y and mitochondrial markers 46 and the presence of strong founder effects for some deleterious mutations resulting in neurodegenerative diseases, such as Early Onset Alzheimer Disease (PS-1 E280A), CADASIL (notch3 C455R) and Parkinson Disease (Parkin Cys212Tyr), [47] [48] [49] [50] [51] [52] all support the conclusion that this community exhibits the features of a genetic isolate.
Clinical assessments were performed with interviewers 'blind' to subjects' presumptive diagnoses. Parents of school-age probands and teachers completed the DSM-IV Checklist-Antioquia version; the Strengths and Weaknesses of ADHD and Normal Behavior (Swanson, unpublished) modified for Antioquia (SWAN-6), and the Behavioral Assessment System for Children (BASC) 53 as translated and validated for Antioquia. 54 Additionally, parents underwent a full-structured psychiatric interview regarding all their offspring (Diagnostic Interview for Children and Adolescents-DSM-IV version, DICA-IV, 55 Antioquia translation). All school-age probands also underwent a full neuropsychiatric evaluation that included a full neurological examination, the Latin American counterpart of the Wechsler Abbre- [60] [61] [62] as well as the Disruptive Behavior Disorders module from the DICA-IV, 55 modified for retrospective use. Parents and adult relatives were also administered the neuropsychological battery. They also provided the DSM-IV Checklist (Antioquia version) for past and present state, the Wender Utah Rating Scale 63 (Antioquian translation), the Conners Adult Rating Scale 64 (Antioquian translation), and the Yesavage Depression Scale (Spanish form). 65 In addition, detailed pedigree information has been gathered and structured genetic interviews administered to all surviving and consenting grandparents. Final diagnoses for each pedigree member were established by the best-estimate method, 66 taking into account all structured and clinical information as reviewed by a committee composed of four bilingual clinicians (David Pineda, MD, Francisco Lopera, MD, F Xavier Castellanos, MD, Juan-David Palacio, MD), all of whom have extensive experience with ADHD. As there is no consensus on how to incorporate neuropsychological data into the diagnostic process, those data were not considered in the process of assigning diagnoses. Individuals were classified into one of the following mutually exclusive categories: (1) definitely affected with ADHD, (2) possibly affected, (3) unknown, and (4) definitely unaffected.
Genetic analyses
Pedigree information including general and demographic data for each individual has been stored in CYRILLIC 2.1. All potential genotyping errors were checked prior to data analysis by PEDCHECK. 67 Parametric analysis of linkage was based on the complex segregation analysis of 53 nuclear families belonging to this community. 6 Here, models of cohort effect (non-inheritance), multifactorial, recessive major gene, non-major gene component, and nontransmission of major gene were rejected. In contrast, dominant and codominant major gene models and a without-multifactorial component could not be rejected. In consequence the model fitting the data best was that of a major dominant gene without the existence of multifactorial effects. 6 Two-point LOD score analyses were estimated using FASTLINK 68 as implemented in LINKAGE 69 under a dominant major gene model with a penetrance conditioned on the age distribution. This model was selected based upon the results of the complex segregation analysis described above. 6 Different models of the penetrance function were applied. We used a first penetrance model (pen1) in which the penetrance is 0 at age 0 and increases to 30% in gene carriers and 0.7% in nongene carriers by the age of 20 years. Taking into account that the DSM-IV criteria (American Psychiatric Association 1994) consider the age of 6 years as the landmark to be considered as affected and because DRD4 and ADHD in extended pedigress M Arcos-Burgos et al of the relatively short time interval before an individual is defined as affected or not affected, we used a second penetrance model 2 (pen2) that assumes that penetrance is 0 at age 0 and increases to 55.3% in gene carriers, 2.9% in male non-carriers and 0.2% in female non-carriers by age 20 years. We then performed simulations by changing age boundaries on penetrance functions for the pen1 and pen2 models. This yielded penetrance 1b model (pen1b) that assumes penetrance is 0 at age 0 and reaches its maximum at 10 years of age, and penetrance model 1c (pen1c) that assumes penetrance is 0 for ages 0-4 years and reaches its maximum at 10 years of age. From the pen2 model, we derived penetrance model 2b (pen2b) that assumes penetrance is 0 at age 0 and reaches its maximum at 10 years of age, and penetrance model 2c (pen2c) in which the penetrance is 0 for ages 0-4 years and reaches its maximum at 10 years of age. 41 Furthermore, we analyzed changes in the non-carriers' penetrance permitting a rate of phenocopies reaching 17% (maximum prevalence for ADHD estimated in the Paisa population. 70, 71 Maximum LOD scores, after considering the presence of heterogeneity, were estimated using the HOMOG suite of programs implemented in ANALYSIS. 72 We performed a model-free non-parametric linkage (NPL) analysis based only on identity by descent (IBD) measurements at the marker loci. If a marker is linked to a disease locus, one expects to see a clustering among the affected of a few marker alleles descended from the pedigree founders. Owing to the large size of the pedigrees, we used SIMWALK2. 73 The statistic computed by SIMWALK2 is the NPL-all statistic. 74 Using the HAPLOTYPE module of SIMWALK2, we reconstructed the more probable haplotype arrangements for these two loci to perform family-based association studies involving haplotypes. This haplotype analysis estimates the most likely of fully typed maternal and paternal haplotypes of the marker loci for each individual belonging to a particular pedigree. 73 We also used the pedigree disequilibrium test (PDT), a recently described FBAT, which incorporates information from all members of the pedigree with genotypic and phenotypic data retaining the properties of the original TDT; in particular, it is valid as a test of both linkage and association even when there is population stratification. 75, 76 In contrast to other FBATs designed for analysis of pedigree data such as SDT, sib-TDT, which requires the selection of a single nuclear family from any extended pedigrees, the PDT was created to allow the use of related trios and discordant sibships from extended pedigrees in order to rule out the underlying presence of linkage disequilibrium. 75, 76 As shown by Lake et al, 77 the PDT is similar to other FBATs where H 0 : d¼0 and yo1/2, and, therefore, power analysis and design considerations described in several papers by Lange et al, can be applied with regard to PDT. [78] [79] [80] We estimated the power of this set of families using PBAT, a software program created to estimate the power for FBATs analytically. 80 Considering the constraints of our sample size (79 nuclear families embedded in the extended pedigrees, sibship average size¼2.4, range 1-12 sibs) a power of 1.0 at a¼0.05 and 0.01 was obtained for a gene of major effect. PDT remains more powerful than other FBATs that use only a subset of the data, viz: sib-TDT, SDT, Tsp, even when there is misclassification of unaffected individuals. Furthermore, PDT power is highly influenced by the size of the sibship, 75 increasing the power as the sibship increases in size, a particular feature exhibited by these families. 75 Even though this power estimation is conservative, its results are very useful to determine type II error expectation. 75 We applied the PDT to each marker and to the haplotype configurations as reconstructed after using SIM-WALK2. To perform the PDT we used PDT 4.0. 81 The gene frequencies for the alleles at the marker loci were estimated using DOWNFREQ as adapted to ANALYSIS and based on the founder individuals' genotypes. 72 Finally, to determine the presence of departures from Mendelian laws at the two DRD4 markers, the Hardy-Weinberg (H-W) theorem and linkage disequilibrium were contrasted in a sample of 53 nonaffected founder individuals coming from the analyzed pedigrees. Departures of H-W expected proportions against observed ones were tested following the procedure described by Guo and Thompson 82 in a modified version of the Markov-chain random walk algorithm evaluating 100 000 tables for a significance level of 0.05 looking for departures of the independent segregation. The exact test of linkage disequilibrium for haplotype data (known phase), an extension of Fisher's exact probability test on contingency tables, was applied to discard departures of the independent assortment. 83 The above linkage disequilibrium analyses were performed with ARLE-QUIN. 84 
DRD4 Genotyping
DRD4 genotyped polymorphisms included a 120 bp insertion/deletion polymorphism, located at the promoter region (120 bp ins/del promoter) 39, 85 and the 48 bp-VNTR at the exon 3 (48 bp-VNTR-exon3). 26 The protocol to study these families in Colombia and collect blood/DNA samples has been approved by the Institutional Review Boards of the National Human Genome Research Institute, NIH (Protocol Number: 00-HG-0058), and the University of Antioquia, and is currently active. All adult participants provided a written signed informed consent, and all minors provided informed assent along with parental signed informed consent. Table 1a presents the total two point LOD-score results for the two DRD4 polymorphisms for a recombination value y ¼ 0 after considering different In general terms, LOD scores for both the 48 bp-VNTR-exon3 and the 120 bp ins/del promoter polymorphisms were significantly negative regardless of the model considered. Two-point LOD scores were significantly negative, with values ranging between À3.21 (P ¼ 0.011158) and À7.66 (P ¼ 0.000091 at y ¼ 0). While some of the pedigrees showed individual LOD scores that were close to zero or were mildly positive, none of the pedigrees showed positive values that could be considered suggestive of linkage considering the predicted LOD scores as simulated in SIMLINK and published elsewhere. 41 Furthermore, maximum LOD scores, after considering the presence of heterogeneity (Table 1b) computed over different values of linked families (a) (0-99%), as estimated using HOMOG, do not show significant values, regardless of the model used. There also was no significant evidence for linkage of ADHD with the two markers after applying NPL analysis (Table 1c) .
Results
The PDT results suggest the presence of linkage disequilibrium for the 7R allele at the 48 bp VNTR (P ¼ 0.0578) ( Table 2 ). This preferential transmission of the 7R allele was observed regardless of the affection-status for these possibly affected individuals (Models II, III). We did not find significant results for the 120 bp tandem duplication at the promoter when analyzed alone. However, after applying PDT to the reconstructed haplotypes, we found the presence of association/linkage for the 7R-240 bp haplotype (P¼0.0467). This preferential haplotype transmission was observed regardless of the affection-status for these possibly affected individuals (Models II, III) ( Table 3) .
Even though there were no departures from H-W equilibrium, either at the 48 bp-VNTR-exon3 or at the 120 bp ins/del promoter polymorphisms, or for all haplotypes (P¼0.41655, 0.12802 and 0.39409, respectively), we found the strong presence of linkage disequilibrium between these two markers (P¼0.000). Haplotypes conferring a major weight to the linkage equilibrium departures were represented by significant excess in the assortment between the 120 bp/4R alleles (P¼0.0018) and a significant lack in the assortment between the 120 bp/7R alleles (P¼0.0004).
Discussion
Psychiatric disorders represent one of the more frequent conditions being considered as complex traits when looking for an etiology supported by a genetic basis. The 'complex genetic trait' term defines those phenotypes not fitting patterns of Mendelian segregation and/or distribution, 86 but showing a preferential familial clustering that cannot be exclusively explained by cultural or environmental effects. 86, 87 Possible causes underlying this departure The statistic computed by SIMWALK2 is the NPL_all statistic described. 74 m¼empirical mean when the trait is unlinked, given the same pedigree and marker structure as the input data. P-value¼empirical P-value for the actual value obtained, that is, the probability of obtaining the actual, or more extreme, value if the traits were in fact unlinked to the markers.
DRD4 and ADHD in extended pedigress M Arcos-Burgos et al from Mendelian laws are the presence of genetic heterogeneity, unknown or unmeasurable contributions of low-penetrance common alleles and environmental factors, 86, 87 second-and higher-order epistasis effects among unknown numbers of genes and very probably the presence of undefined or unclear phenotypes considered targets in these genetic trials. ADHD is one of these psychiatric disorders and is probably the most controversial. 18 ADHD has been considered a complex genetic trait based upon the absence of a clearcut line to define the affection-status phenotype and also because its high comorbidity with other disorders strongly suggest the effect of complex epistatic or pleiotropic effects acting in common with the environment, which means that the same gene or genes is or are associated with different and concurrent phenotypes. 88 Furthermore, ADHD is highly related to oppositional disorder (35%) in childhood, with conduct disorder (50%), alcohol and substance abuse during adolescence and with antisocial personality disorder (15%), alcoholism (25%), and substance dependence (20%) during early adulthood. 4, [89] [90] [91] [92] [93] [94] [95] [96] [97] Based upon complex segregation analyses [4] [5] [6] and high estimated heritability values [1] [2] [3] that strongly suggest the presence of a major gene underlying the ADHD susceptibility, we considered the possibility of a genetic mapping of this major factor by analyzing multigenerational and extended pedigrees coming from a genetic isolate. 6 These families segregated ADHD according to a Mendelian model and exhibited power to detect linkage with parametric, non-parametric methods and linkage disequilibrium using FBAT. Furthermore, because of their geographical isolation over many generations, environmental homogeneity has been almost the norm for these pedigrees.
The analysis of these multigenerational families using parametric and NPL analyses, and PDT shows a moderate but significant association/linkage between 26 A large meta-analysis for genetic association studies suggests that an important fraction (perhaps a quarter) of the previously published associations between common variants and susceptibility to common disease represent real associations. 98 In fact, metaanalyses of association studies, case-control and family based, between the 7R allele at the 48 bp VNTR of DRD4 and ADHD, support the involvement of the DRD4 in ADHD. 8, 38 Even though the magnitude of this association is small, the presence of heterogeneity between studies was refuted in these two meta-analytical approaches. We found a 48 bp-VNTR allele frequencies distribution in the Paisa families that, when compared with worldwide gene frequencies distribution, closely resembled the one exhibited by European populations as described by Chang et al, 25 and the haplotype associated with ADHD is the same as that described by other studies. 8, 39 On the other hand, the presence of the strong linkage disequilibrium between the two genotyped markers at the population level (an expected result because of the genetic isolation of the Paisa community), exhibit a particular pattern of transmission in the general population (significant assortment excess of the 120 bp/4R and a significant assortment lack between the 120 bp/7R alleles). This contrasts with the one found at the PDT analysis for the affected individuals who exhibit an excess in the transmission of the haplotype 240 bp/7R, but a trend toward the lack of transmission (although nonsignificant) of the 120 bp/ 4R haplotype and trend toward excess of transmission (although nonsignificant) of the 120 bp/7R haplotype.
The fact that we are detecting this moderate effect of association/linkage while using PDT but not with classical parametric and non-parametric methods could be explained by (1) a moderate DRD4 genetic effect (insufficient power to detect the presence of a gene of small effect by using linkage analysis) resembling the small genetic effect of DRD4 estimated by Faraone et al, 8 (odds ratio of 1.4). (2) Alternatively, it could be explained by hitchhiking (linkage disequilibrium) of DRD4 with an ADHD locus in the vicinity (because an important part of these positive results have been obtained after using TDT that detects the simultaneous presence of linkage and association, it cannot detect either in the absence of the other), or (3) linkage to a phenotypic component of the ADHD spectrum that could be underlying this association/linkage. We think that applying FBATs that test for association and linkage increase the probability of finding genes of small effect that still are associated with a particular trait running in families, but exhibiting complex patterns of epistasis, pleiotropy, or recombination. This approach has been used in discordant sib-pairs by Lunetta et al, 32 looking for effects of covariates and interactions to the phenotype, specifically ADHD replicating the linkage association to the 7R allele at the 48 bp VNTR.
